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The objective of this study was to estimate heritabilities for and genetic correlations among different pathogen-specific
mastitis traits. The traits were unspecific mastitis, which is all mastitis treatments regardless of the causative pathogen as well
as mastitis caused by Streptococcus dysgalactiae, Escherichia coli, coagulase-negative staphylococci (CNS), Staphylococcus
aureus and Streptococcus uberis. Also groups of pathogens were investigated, Gram-negative v. Gram-positive and contagious
v. environmental pathogens. Data from 168 158 Danish Holstein cows calving first time between 1998 and 2006 were used in
the analyses. Variances and covariances were estimated using uni- and bivariate threshold models via Gibbs sampling. Posterior
means of heritabilities of pathogen-specific mastitis were lower than the heritability of unspecific mastitis, ranging from 0.035
to 0.076 for S. aureus and S. uberis, respectively. The heritabilities of groups of pathogen ranged from 0.053 to 0.087. Genetic
correlations among the pathogen-specific mastitis traits ranged from 0.45 to 0.77. These estimates tended to be lowest for
bacteria eliciting very different immune responses, which can be considered as the overall pleiotropic effect of genes affecting
resistance to a specific pathogen, and highest for bacteria sharing characteristics regarding immune response. The genetic
correlations between the groups of pathogens were high, 0.73 and 0.83. Results showed that the pathogen-specific traits
used in this study should be considered as different traits. Genetic evaluation for pathogen-specific mastitis resistance may be
beneficial despite lower heritabilities than unspecific mastitis because a pathogen-specific mastitis trait is a direct measure of
an udder infection, and because the cost of a mastitis case caused by different pathogens has been shown to differ greatly.
Sampling bias may be present because there were not pathogen information on all mastitis treatments and because some
farms do not record pathogen information. Therefore, improved recording of pathogen information and mastitis treatments in
general is critical for a successful genetic evaluation of udder health. Also, economic values have to be specified for each
pathogen-specific trait separately.
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Introduction
Mastitis in dairy cattle is a challenging and costly disease
for the dairy industry. Consequently, the majority of dairy
producers have management strategies in place to control
mastitis. In Denmark such a strategic tool is based on
bacteriological culturing of milk samples (pathogen infor-
mation) taken from cows with clinical mastitis (CM) or
subclinical mastitis (SCM). Pathogen information is primarily
used not only to choose the appropriate treatment but
also for on-farm monitoring of specific pathogens and
subsequent planning of preventive measures in the dairy
herd. Nonetheless, even with effective strategies in place,
mastitis remains the most consequential and costly disease
in Danish dairy herds with an average treatment frequency
of 0.33 per cow per year (Martin, 2007).
In the long term, mastitis in dairy cattle may to some
extent be controlled through breeding by altering the natural
resistance of the population against mastitis-causing organ-
isms. Production of more resistant animals through genetic
modification is possible (Wall et al., 2005), but this may
only provide resistance against one species or even strain of
bacteria and may not be considered ethical. In contrast,
improved resistance obtained through genetic selection is
permanent, may be non-specific, and results in cows that
are less susceptible to udder infections.
In Denmark, Finland and Sweden, breeding values for
udder health are predicted using direct information on- E-mail: LarsPeter.Sorensen@agrsci.dk
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treatments of mastitis and indirect information from
somatic cell score, fore udder attachment, udder depth and
dairy form (Johansson et al., 2006). Information on treat-
ments of mastitis consists of four distinct traits: treatments
of mastitis from (1) 215 to 50 days after calving in first
parity; (2) 51 to 300 days after calving in first parity; (3)
215 to 150 days after calving in second parity and (4) 215
to 150 days after calving in third parity. The reason for using
only 150 days in second and third parities is two-fold: (1) to
avoid problems with censored data due to culling and (2) to
get information faster for prediction of breeding values.
Each trait does not distinguish between different pathogens
causing mastitis. Furthermore, each trait is binary as only
the first incidence in a period is considered. The four
mastitis traits are all characterized by a low heritability
(h25 0.024 to 0.034) when analyzed as continuous traits
using a linear model (Johansson et al., 2006).
Potentially, pathogen information may be an extra
source of information for prediction of breeding values for
udder health in dairy cattle because it is a direct measure of
udder infections and of the disease-causing pathogen. If
more information is available, the response to selection for
better resistance to mastitis may become greater. However,
standard procedures for submitting cows to bacteriological
testing and culturing of milk samples do not exist in
Denmark. Thus, recorded pathogen information may lead to
biased (i.e. sampling bias) or less-precise inferences if sam-
pling occurs in a non-random matter. Despite this, pathogen
information may still be useful in an animal breeding context
as suggested by a number of studies. Nash et al. (2000)
estimated pathogen-specific heritabilities for mastitis using
data from 1860 cows. They found heritabilities (s.e.) of 0.03
(0.002), 0.25 (0.01) and 0.19 (0.005) on the observable
binary scale using a linear model for coagulase-negative
staphylococci (CNS), streptococci other than Streptococcus
agalactiae and coliform species, respectively. In contrast, De
Haas et al. (2002a) and Schafberg et al. (2006) found only
indications of pathogen-specific heritabilities on the under-
lying continuous scale due to large uncertainty of the herit-
ability estimates. They used data from 28 695 and 786 cows,
respectively. De Haas et al. (2002a) reported estimated
heritabilities (s.e.) of 0.05 (0.02), 0.10 (0.06), 0.06 (0.03),
0.05 (0.03) and 0.04 (0.04) for Staphylococcus aureus, CNS,
Escherichia coli, Streptococcus dysgalactiae and Strepto-
coccus uberis, respectively. Schafberg et al. (2006) estimated
heritabilities (s.d.) of 0.093 (0.048) and 0.068 (0.052) for
CNS and S. aureus, respectively. To our knowledge, no
studies have estimated genetic correlations among different
pathogen-specific mastitis traits. These estimates are essen-
tial for determining whether mastitis caused by different
pathogens should be considered as different traits.
Phenotypically, lactation curves for somatic cell count
(SCC) around the time of infection were found to reflect the
pathogen causing the infection as deviations from a normal
SCC lactation curve estimated from cows without mastitis
(De Haas et al., 2002b). Moreover, it is likely that different
genes control resistance to different pathogens. In a study
by Sørensen et al. (2008) it was found that quantitative trait
loci (QTL) affecting the genetic value for general resistance
towards mastitis to some degree increased resistance to
specific pathogens.
Common for the studies investigating pathogen-specific
heritabilities of mastitis is a relatively low number of
observations from a few herds resulting in considerable
uncertainty about the genetic parameters. Also, in some
cases inappropriate models have been used for analysis of
binary data (e.g. Nash et al., 2000; De Haas et al., 2002a).
In this study a more suitable threshold model was used to
analyze mastitis data from the Danish Holstein population
including pathogen information collected nationwide from
1998 to 2006. We hypothesized that the heritability of
mastitis in Danish Holstein cattle depends on the pathogen
causing the infection (i.e. heritability is pathogen-specific)
and that the genetic correlations among pathogen-specific
mastitis traits are less than unity (i.e. pathogen-specific
mastitis traits may be considered as different traits). Hence,
the objectives of this study were: (1) to estimate genetic
variation and heritability of pathogen-specific mastitis using
field data of Danish Holsteins, and (2) to estimate genetic
correlations among pathogen-specific mastitis traits caused
by different pathogens.
Material and methods
Data and edits
Records of mastitis treatments (both CM and SCM) were
extracted from the Danish National Cattle Database. Only
records from first parity Holstein cows that had calved
between January 1998 and October 2006 were included in
the analysis, because the amount of pathogen information
was relatively sparse before 1998 (approximately 13% of
total). Additionally, age at first calving was required to be
between 19 and 36 months (at least 572 days and at most
1084 days of age), and herds should have at least 30 first
calvings per year. The latter was chosen for the following
reasons: (1) to avoid problems with extreme category
problems during analysis (e.g. Moreno et al., 1997), (2) so
that genetic parameters should better represent presumed
future herd size and (3) to reduce the amount of data to a
manageable size for analyses. Only records from 215 to
300 days after calving (period at risk) were included and
cows with calving date less than 300 days from the end
of the collection period were removed from the data set to
reduce bias due to data censoring.
In Denmark, cows with mastitis are treated by veter-
inarians or farmers with a special health agreement, which
permits the farmers to treat animals themselves for certain
diseases such as mastitis. These persons are also respon-
sible for reporting treatments of mastitis to the national
cattle database. However, not all veterinarians and farmers
do this on a regular basis. This implies that not all herds
can be considered as having reliable disease recording.
Requirements for active participating in disease recording
were as follows. Considering sliding windows of 9 months,
Sørensen, Madsen, Mark and Lund
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each herd should have at least 10 calvings and at least 0.3
treatments per calving in each 9-month interval. These
summaries were done separately for each calving month.
Treatments were combined in four main categories: udder
diseases, reproductive diseases, digestive diseases, and
foot and leg diseases. For example, if the requirements
were fulfilled in the interval January–September but not
February–October, only records from January were included
(Nielsen et al., 2000). These requirements are currently
used for prediction of breeding values for disease traits in
Denmark, Finland and Sweden and are assumed to reduce
bias due to inadequate reporting of disease treatments.
Pathogen information was extracted from the database.
The date entered in the database for pathogen information
may have been either the day of sampling or the day of
recording of pathogen information into the national data-
base. These dates may not be the same and may not be the
date the cow actually was treated for mastitis. 76.8% of
all bacteriological samples were recorded 23 to 4 days
after the recording date of mastitis treatments (56.2% on
the same day) when requirements for calving age, data
censoring and period at risk (215 to 300 days after calving)
had been fulfilled. Hence, this interval was chosen for
merging pathogen information and mastitis treatments. In a
few cases (10%) more than one and up to four different
pathogens were recorded from the same cow on the same
date. This may indicate that samples have been collected
from all four quarters (the database did not contain infor-
mation on single quarters). In these cases it was assumed
that the number of treated quarters resembled the number
of identified pathogens as the presence of a pathogen is
equivalent to an infection, unless the milk sample was
contaminated. Finally, to ensure a certain amount of patho-
gen information, only herds that have pathogen information
for at least 50% of the registered mastitis cases every year
of disease recording were considered.
From the original 1 475 222 first lactations records from
11 525 herds, 168 158 cows were included in the analyses.
The cows were distributed in 1529 herds, 17 calving-age
subclasses (average calving age5 27 months), 96 year-
month subclasses and descended from 5871 sires with an
average of 28.6 daughters per sire, ranging from 1 to
10 913. Effects of major editing steps are shown in Table 1.
The mean frequency of unspecific mastitis in the final data
set was 0.23 per first lactation (n5 38 770 cows). Following
the restriction on the amount of pathogen information
(pathogen information on minimum 50% of mastitis treat-
ments within herd), the frequency of cases of mastitis with
pathogen information was 0.72 per first lactation (72% of
23%). The incidences of the different pathogens are given
in Table 2. The frequency of animals not completing a full
lactation was 17.2%. Among these animals 67.9% were
slaughtered, 17.3% were sold to other herds, 14.6% died in
the herd and 0.2% were exported to other countries. The
share of culled cows was slightly higher for animals with
mastitis, 19.1% v. 16.6% for animals without mastitis. The
mean length of period at risk was 292.2 days.
Statistical models and analyses
Data were analyzed with a threshold model (Wright, 1934)
using a full Bayesian approach implemented by the Gibbs
sampling. This approach takes the binary nature of the data
into account. The five most common bacteria (S. dysgalactiae,
E. coli, CNS, S. aureus and S. uberis) in the Danish dairy herds
were chosen for analysis of pathogen-specific mastitis. The
pathogen-specific mastitis traits were differentiated from
unspecific mastitis by distinguishing between mastitis with
and without pathogen information. The trait unspecific mas-
titis contained all recorded treatments of mastitis (i.e. both
treatments with and without growth of pathogens).
The threshold model assumes the presence of an
underlying continuous random variable called liability, l.
The relationship between the observed binary variable y
and the unobservable l is
yi ¼
0 if lipt;
1 if li4t;
(
Table 1 Numbers of animals and herds after major editing steps
Editing procedure
Number
of animals
Number
of herds
Initial data set1 1 368 042 11 525
Data censoring 1 250 964 11 430
Active disease recording 734 814 6014
Min. 50% pathogen data 262 735 2866
Min. 30 first calvings per herd per year 182 486 1533
Final data set2 168 158 1529
1After requirements for calving age have been fulfilled.
2After removal of animals with unknown sire.
Table 2 Distribution of pathogens from data used in this study and in
the initial unedited data set with pathogen information
Pathogen Initial frequency- Frequency-
-
No.-
Streptococcus dysgalactiae 0.100 0.152 4243
Escherichia coli 0.112 0.140 3914
CNS 0.119 0.140 3904
Staphylococcus aureus 0.145 0.155 4322
Streptococcus uberis 0.160 0.187 5204
Others 0.147 0.144 4011
Culture negative 0.216 0.236 6574
Sum 1.000 1.155y 32 172
Gram-positive 0.607 0.653 18 187
Gram-negative 0.117 0.144 4024
Contagious pathogens 0.408 0.500 12 531
Environmental pathogens 0.328 0.376 10 485
CNS5 coagulase-negative staphylococci.
The total number of mastitis cases with pathogen information was 27 859.
-In the unedited data set without considering mastitis treatments.
-
-
In the edited data used for genetic inferences. Frequency of mastitis cases
caused by the different pathogens.
yThe sum of the pathogen-specific frequencies does not add to one in the
final data set because in several cases more than one pathogen was found
for the same case of mastitis.
Genetic parameters for pathogen-specific mastitis
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where t is a fixed threshold and yi5 1 and 0 correspond to
the presence or absence of mastitis for observation i,
respectively. It is assumed that l is normally distributed
with mean vector m and covariance matrix R ¼ Is2e.
Because the threshold and s2e were unknown, they were
set to the arbitrary values t ¼ 0 and s2e ¼ 1 such that
ljm  Nðm; IÞ:
The probability (pi) that observation i is scored as 1 given
the model parameter vector, h, is
pi ¼ pðyi ¼ 1jhÞ
¼ pðli40jhÞ
¼ 1  pðlip0jhÞ
¼ FðmiÞ;
where F(.) is the standard normal cumulative distribution
function.
For both unspecific and pathogen-specific mastitis, the
following sire model was used to describe liability to
mastitis:
lijklm ¼ YMi þ AGEj þ btijklm þ hysk þ sirel þ eijklm;
where lijklm is the liability to mastitis of daughter m of sire
l calving in year–month class i at calving-age class j and
herd–year–season class k, YMi is the ‘fixed’ effect of
year–month of calving, AGEj is the ‘fixed’ effect of calving
age, hysk is the random effect of herd–year–season, sirel is
the transmitting ability of sire l, b is the ‘fixed’ regression
coefficient of l on the length of the period at risk, tijkl is the
period at risk for daughter m of sire l, defined as the
number of days from 15 days before calving to the date of
culling or to the end of the risk period. It was assumed
that all cows with mastitis had a completed risk period.
Following Heringstad et al. (2001), this should eliminate
the recursive relationship between mastitis and the length
of the risk period and eijklm is the residual,N(0,1) and
independent.
In matrix notation the model is
k ¼ Xbþ Xhhþ Zsþ e;
where l is an n21 vector of the underlying liabilities of
mastitis, b is a vector of ‘fixed’ effects of order p, h is a
vector of random herd–year–season effects of order q, s
is a vector of sire effects of order r and e is a vector of
residual effects. Xb, Xh and Z are corresponding incidence
matrices.
Heritabilities for both unspecific and pathogen-specific
mastitis traits on the underlying continuous scale were
estimated using univariate models. Genetic correlations
between the different traits were estimated by pair-wise
bivariate analysis of pathogen-specific mastitis traits.
Additionally, mastitis caused by Gram-positive bacteria was
analyzed together with mastitis caused by Gram-negative
bacteria (Table 3) for estimation of genetic parameters of
and between these two major groups. Also, contagious
pathogens were analyzed together with environmental
pathogens. Categorizing pathogens into these two groups
is not straightforward as a few pathogens show char-
acteristics from both groups. For example, S. uberis is
known for its ubiquitous environmental nature (e.g. Hiller-
ton and Berry, 2003), but within-cow and between-cow
transmissions have also been observed for a limited number
of S. uberis strains. Also, CNS and S. dysgalactiae seem
to share characteristics from both groups. In the present
study, S. uberis was considered an environmental pathogen
whereas CNS and S. dysgalactiae were considered as con-
tagious pathogens (Table 4). This categorization was pri-
marily based on current knowledge and experience from
Danish dairy farms (Danish Agricultural Advisory Service,
2003). Genetic correlations between unspecific mastitis and
the pathogen-specific mastitis traits were not estimated
due to the part–whole relationship between the traits. The
Bayesian implementation is described for the bivariate
model only, but is similar for the univariate model.
In matrix notation the bivariate models can be expres-
sed as
k1
k2
2
4
3
5 ¼ Xb1 0
0 Xb2
2
4
3
5 b1
b2
2
4
3
5 þ Xh1 0
0 Xh2
2
4
3
5 h1
h2
2
4
3
5
þ
Z1 0
0 Z2
2
4
3
5 s1
s2
2
4
3
5 þ e1
e2
2
4
3
5;
Table 3 Differentiation of bacterial species recorded in the Danish
National Cattle Database after bacteriological analyses of milk sam-
ples into Gram-positive and Gram-negative species
Gram-positive species
Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus
uberis, Streptococcus lactis, Streptococcus faecalis, Streptococcus
dysgalactiae, Staphylococcus aureus, coagulase-negative staphylococci,
Listeria monocytogenes, Arcanobacterium bovis and Corynebacterium
bovis
Gram-negative species
Escherichia coli, coliform rods including Klebsiella, Enterobacter and
Salmonella species
Table 4 Differentiation of pathogens recorded in the Danish National
Cattle Database into contagious and environmental pathogens
Contagious pathogens
Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus
dysgalactiae, Staphylococcus aureus, coagulase-negative staphylococci
and Corynebacterium bovis
Environmental pathogens
Escherichia coli, coliform rods including Klebsiella, Enterobacter and
Salmonella species Streptococcus uberis, Listeria monocytogenes,
Streptococcus lactis, Streptococcus faecalis, Arcanobacterium bovis
and yeast
Sørensen, Madsen, Mark and Lund
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where components for each trait were the same as for the
univariate model. The variance components of the bivariate
model were
Var
h1
h2
 
¼ H ¼ H0  In;
where H0 ¼
s2h1 sh12
sh21 s2h2
" #
and In is an identity matrix of order
(n) equal to the total number of records for both traits andN
defines the Kronecker product
Var
s1
s2
 
¼ G ¼ G0  A;
where G0 ¼
s2s1 ss12
ss21 s2s2
" #
and A is the additive genetic rela-
tionship matrix containing the relation between sires.
Relationships among sires were traced back as far as pos-
sible (i.e. 1 to 8 generations)
Var
e1
e2
 
¼ R ¼ R0  In;
where R0 ¼
1 se12
se21 1
 
.
A full Bayesian approach via the Gibbs sampling imple-
mented in the DMU package (Madsen and Jensen, 2006)
was used to fit the models and analyze data. Conditionally
on h the distribution of the observed binary data was
assumed to be the product of n independent Bernoulli trials
with conditional probability distribution:
pðyjyÞ ¼
Yn
i¼1
pyii ð1  piÞð1yiÞ; ð1Þ
where pi ¼ Fðx0bibþ x0hihþ z0isÞ and x0b, x0h and z0 are the
i th row vector of Xb , Xh and Z.
Adopted prior distributions of the parameters of the
bivariate model were
pðbÞ / constant; ð2Þ
pðhjH0Þ  MVN½0; ðH0  InÞ; ð3Þ
pðsjG0;AÞ  MVN½0; ðG0  AÞ; ð4Þ
pðH0jSh; nhÞ  IWj½Shnh; nh; ð5Þ
pðG0jSg; ngÞ  IWj½Sgng; ng; ð6Þ
pðR0jSR; nRÞ  CIWj½SRnR; nR: ð7Þ
In (2) to (7) MVN[.,.] is the multivariate normal dis-
tribution. IWj[.,.] is the j–j scaled inverse Wishart distribu-
tion where j5 2 is the dimension of the herd and genetic
covariance matrices H0 and G0, respectively. CIWj is the
conditional scaled inverse Wishart distribution of dimen-
sion j5 2 equal to the dimension of R0 given the residual
variance for the liability to mastitis. Sh, nh, Sg, ng, SR, nR are
known scale parameters (prior values) and degrees of
freedom for the IW (degrees of belief) for herd–year–sea-
son, additive genetic and residual covariances, respectively.
Prior values were 0.026 for the additive genetic variance,
0.065 for the herd–year–season variance, 1.0 for the resi-
dual variance and zero for all covariances. Degrees of belief
were chosen to represent vague a priori information
(nh5 ng5 nR5 4). The residual covariance matrix was
sampled using the approach of Korsgaard et al. (2005). This
approach combines the findings of Korsgaard et al. (2003)
and Gonza´lez (2004) and allows for non-zero residual
covariances among binary traits.
Finally the joint posterior density of all unknowns was
given as the product of the densities in (1) to (6):
pðb;h;s;H0;G0jyÞ / pðyjb;h;sÞpðbÞpðhjH0Þ
pðsjðG0  AÞÞpðH0ÞpðG0Þ: ð8Þ
The joint posterior density in (8) was augmented with the
unknown liabilities li (Tanner and Wong, 1987). The con-
ditional posterior distributions of the model parameters
were normal for the location parameters, scaled inverted
Wishart for the sire and herd–year–season variance, and
truncated normal for the liabilities.
Convergence diagnostics
Convergence of the Gibbs chain was determined using a
standardized time series method of batch means (Glynn and
Iglehart, 1990; Geyer, 1992). The chain of length r was
divided into s batches of equal size. Then the batch means
Sr;t ¼
s
r
Xtr=s
i¼ðt1Þr=sþ1
gðQiÞ; t ¼ 1; . . . ; s;
converge to independent, identically distributed normal
random variables. Convergence of the batch means was
then checked by standard one-way analysis of variance and
by estimating the lag correlation between batch means. The
effective sample size (ESS) was calculated as ESS5 Vw/VB,
where Vw is the variance within batches and VB is the
variance between batches. The information criterion was set
to ESS> 100. The Gibbs sampler was run as a single long
chain and every tenth sample was saved for post-Gibbs
analyses. Mixing properties of the bivariate analyses were
poorer than for the univariate analyses; thus the burn-in
was longer for the bivariate analyses (Table 5).
Heritability and weighted means
Heritabilities of both unspecific and pathogen-specific
mastitis were calculated as
h2 ¼ 4s
2
s
s2s þ s2h þ s2e
;
where s2s is the sire variance, s
2
h is the herd variance and s
2
e
is the residual variance.
Genetic parameters for pathogen-specific mastitis
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Weighted means of heritabilities of pathogen-specific
mastitis were calculated using estimates from both uni-
(n5 1) and bivariate (n5 4) analyses for each trait. The
weighted means were calculated as
h
2 ¼
P1þ4
1þ4
h2i =s
2
h2
iP1þ4
i¼1
1=s2
h2
i
;
where s2hi is the variance obtained from the posterior dis-
tribution of heritabilities, and the standard deviations of the
weighted means were calculated as
s
h
2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1P1þ4
i¼1
1=s2
h2
i
vuuut :
Results
Heritabilities
Summary statistics of variance components and heritabilities
from the univariate analyses of the underlying liability
to unspecific and pathogen-specific mastitis are given in
Table 6. Also, the weighted heritabilities are shown to
summarize the results from uni- and bivariate analyses. The
posterior distributions of heritabilities were similar for both
uni- and bivariate analyses. The posterior distributions of
heritabilities were all symmetric and therefore are not shown.
The heritabilities of pathogen-specific mastitis (Table 6)
were in all cases lower than the heritability of unspecific
mastitis, but different from zero. The lowest heritability
was found for mastitis caused by S. aureus (s.d.), h
2 ¼
0:035 ð0:005Þ, and the highest heritability was found for
mastitis caused by S. uberis (s.d.), h
2 ¼ 0:076 ð0:005Þ: The
heritabilities of mastitis caused by S. dysgalactiae, E. coli and
CNS were of the same magnitude, h
2¼ 0:044; 0.049 and
0.051, respectively. The posterior mean of the heritability of
mastitis caused by Gram-positive bacteria was higher than
the heritability of mastitis caused by Gram-negative bacteria,
0.087 and 0.053, respectively. Finally, the posterior mean of
the heritability of environmental pathogens was higher than
the heritability of contagious pathogens.
The posterior standard deviations of the heritability esti-
mates were low because of the large number of observations
in this study. Although the heritability of S. uberis mastitis
was 2.2 times higher than that for S. aureus mastitis, the
heritabilities of the pathogen-specific mastitis traits did not
differ significantly from each other as all 95% highest posterior
density (HPD) intervals overlapped. Despite the number of
mastitis cases caused by specific pathogens (Table 2) being
much lower than the total number of mastitis treatments
(n5 38 770), the 95% HPD interval of the heritabilities was
not larger for the pathogen-specific traits.
Genetic and residual correlations
Posterior means of the additive genetic correlations among
pathogen-specific mastitis traits are given in Table 7. The
posterior distributions of the genetic correlations were in all
cases slightly left-skewed (Figure 1). Genetic correlations
among different pathogen-specific mastitis traits were all
significantly less than one, positive and moderate to high
(0.45 to 0.77). Thus, the five pathogen-specific traits can
supposedly be considered as different traits, and the genetic
basis for mastitis resistance depends on the disease-causing
pathogen. The posterior mean of the genetic correlation
(s.d.) between Gram-positive and Gram-negative bacteria
was 0.73 (0.09), and between environmental and con-
tagious pathogens it was 0.83 (0.06). In general, the 95%
HPD intervals were large, but different from unity, so cau-
tion should be taken when interpreting the results.
The residual correlations among the pathogen-specific
traits were different from zero in a few cases only; between
S. aureus and S. dysgalactiae, between S. aureus and CNS,
and between S. uberis and CNS.
Regression coefficients for days at risk
The b-value (Table 6) for the period at risk for unspecific
mastitis was slightly positive, b5 0.092. The b-values for
pathogen-specific mastitis were lower than for unspecific
mastitis but different from zero and of similar magnitudes,
b5 0.038 to 0.041. The b-value for mastitis caused by
Gram-positive pathogens was twice as large as the b-value
for mastitis caused by Gram-negative pathogens, b5 0.073
and 0.038, respectively. Finally, b-values for mastitis caused
by environmental and contagious pathogens were similar,
0.056 and 0.063, respectively.
Discussion
The estimated heritability (weighted) of unspecific mastitis,
h
2¼ 0:109; in this study was similar to previously pub-
lished results in Holsteins, which ranged from h25 0.099 to
0.124 on the underlying continuous scale (Lund et al., 1999;
Table 5 Details of the performed analyses including model, traits, chain-length and burn-in
Model Traits (no. of analyses) Chain length- Burn-in-
Univariate Unspecific and specific mastitis (n5 6) 600 000 100 000
Bivariate Specific mastitis v. specific mastitis (n5 10) 600 000 500 000
Gram-positive mastitis v. Gram-negative mastitis (n5 1) 600 000 500 000
Contagious mastitis v. environmental mastitis (n5 1) 600 000 500 000
-No. of samples.
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Kadarmideen et al., 2001) but high compared with results
from other dairy breeds; e.g. Heringstad et al. (2001) who
estimated a heritability of 0.074 in Norwegian Cattle using
a similar model.
The heritabilities of the pathogen-specific mastitis traits
were in all cases lower than the heritability of unspecific
mastitis. The reason for the lower heritability of pathogen-
specific mastitis is two-fold: (1) the sire variance was 1.5 to
Table 6 Mean, standard deviation (s.d.) and effective sample size (ESS) of the posterior distributions of sire (s2sire) and herd–year–season (s
2
hys)
variances and heritability (h2) of liability to unspecific and pathogen-specific mastitis from univariate analyses, 95% highest posterior density (HPD)
interval (in brackets), weighted heritability (h
2
) and regression coefficient (b) of the period at risk from the univariate analysis
Pathogen s2sire s
2
hys h
2 HPD interval h
2- b
Unspecific mastitis Mean 0.033 0.144 0.114 [0.086;0.138] 0.092
s.d. 0.004 0.005 0.012 0.015
ESS 1540 5130 1527
Streptococcus dysgalactiae Mean 0.012 0.129 0.044 [0.021;0.065] 0.042 0.038
s.d. 0.004 0.011 0.013 0.005 0.007
ESS 242 3463 238
Escherichia coli Mean 0.013 0.069 0.050 [0.026;0.079] 0.048 0.037
s.d. 0.004 0.009 0.014 0.006 0.007
ESS 259 1334 256
CNS Mean 0.014 0.200 0.052 [0.026;0.072] 0.049 0.038
s.d. 0.004 0.013 0.013 0.005 0.007
ESS 317 3308 312
Staphylococcus aureus Mean 0.010 0.151 0.039 [0.019;0.057] 0.034 0.039
s.d. 0.003 0.011 0.011 0.005 0.007
ESS 281 2457 277
Streptococcus uberis Mean 0.022 0.167 0.079 [0.043;0.110] 0.074 0.041
s.d. 0.005 0.011 0.018 0.007 0.007
ESS 363 4034 356
Gram-positive-
-
Mean 0.026 0.157 0.087 [0.062;0.115] 0.073
s.d. 0.004 0.009 0.015 0.012
ESS 291 32 078 291
Gram-negative-
-
Mean 0.014 0.063 0.053 [0.027;0.083] 0.038
s.d. 0.004 0.009 0.015 0.006
ESS 152 908 152
Contagious-
-
Mean 0.017 0.159 0.058 [0.039;0.082] 0.063
s.d. 0.003 0.007 0.011 0.010
ESS 166 21 047 166
Environmental-
-
Mean 0.023 0.104 0.080 [0.052;0.109] 0.056
s.d. 0.004 0.006 0.015 0.009
ESS 320 7629 321
CNS5 coagulase-negative staphylococci.
-Weighted average of univariate (n5 1) and bivariate (n5 5) analyses.
-
-
Only results from bivariate analysis.
Table 7 Posterior means of genetic (above diagonal) and residual (below diagonal) correlations (s.d.) among different pathogen-specific mastitis
traits and 95% highest posterior density (HPD) intervals (in brackets)
Streptococcus dysgalactiae Escherichia coli CNS Staphylococcus aureus Streptococcus uberis
Streptococcus dysgalactiae – 0.637 (0.135) 0.640 (0.128) 0.714 (0.107) 0.768 (0.090)
[0.368;0.868] [0.387;0.861] [0.510;0.901] [0.586;0.921]
Escherichia coli 20.072 (0.021) – 0.602 (0.139) 0.452 (0.179) 0.628 (0.131)
[20.113;20.031] [0.328;0.847] [0.094;0.762] [0.369;0.860]
CNS 0.145 (0.018) 0.087 (0.019) – 0.608 (0.140) 0.745 (0.097)
[0.109;0.179] [0.050;0.123] [0.327;0.847] [0.550;0.911]
Staphylococcus aureus 0.066 (0.017) 0.001 (0.019) 0.083 (0.018) – 0.631 (0.137)
[0.031;0.099] [20.036;0.039] [0.048;0.117 [0.313;0.849]
Streptococcus uberis 20.054 (0.019) 0.027 (0.018) 0.141 (0.017) 0.009 (0.019) –
[20.091;20.018] [20.007;0.062] [0.108;0.174] [20.029;0.044]
CNS5 coagulase-negative staphylococci.
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3.3 times lower for the pathogen-specific mastitis traits com-
pared to unspecific mastitis (Table 6), and (2) it considered the
variance of unspecific mastitis as the sum of all elements of
the covariance matrix of n pathogen-specific mastitis traits (X),
i.e. Var
Pn
i¼1Xi
  ¼Pni¼1Pnj¼1Cov Xi;Xj ; as the patho-
gen-specific mastitis traits are correlated. The heritability will
be higher if the residual covariances are low relative to the
covariances for the effects of sire and herd–year–season.
Because no covariances exist between traits in estimation
of heritability for the pathogen-specific mastitis traits, a low
residual covariance will not counteract a larger relation
between the additive genetic and phenotypic variance, and
therefore the heritabilities will be lower for the patho-
gen-specific mastitis traits compared to the heritability of
unspecific mastitis.
Also, in this study we did not have pathogen information
for all observed cases of unspecific mastitis, which implies
that the true incidence (unknown) of each pathogen may
be higher than the incidences given in the present study
(Table 2). Thus, the pathogen-specific heritabilities pre-
sented (Table 6) may be biased.
The estimates of heritability of S. aureus mastitis given by
Schafberg et al. (2006) and De Haas et al. (2002a) were
consistent with the heritability, h
2¼ 0:035; estimated in the
present study when taking the uncertainty in those studies
into account. However, in the study by De Haas et al.
(2002a), a logistic regression model was used, which
may make the results from that study less comparable. The
posterior mean of the heritability, h
2¼ 0:049; of CNS
mastitis was consistent with the estimate given by Schafberg
et al. (2006) who also used a threshold model and a
Bayesian approach. In the study by De Haas et al. (2002a),
the heritability of CNS was higher, but it may be biased
by a low incidence rate. The heritabilities estimated for
S. dysgalactiae and E. coli mastitis, h
2¼ 0:042 and 0:048,
respectively, in the present study were similar to the esti-
mates given by De Haas et al. (2002a). The heritability of
S. uberis was high in this study compared to the other
pathogens. However, the result was not consistent with the
estimate given by De Haas et al. (2002a) where the herit-
ability of S. uberis mastitis did not differ from zero. The
posterior mean of the heritability of mastitis caused by
Gram-positive pathogens was higher than the heritability of
mastitis caused by Gram-negative pathogens. Pooling of
pathogens into these two groups may be seen as a com-
promise between considering unspecific mastitis and con-
sidering the pathogen-specific mastitis traits as done in the
present study since: (1) the two groups pool information
from a total of 18 groups of pathogens instead of five, (2)
fewer traits to evaluate and (3) higher incidences per trait.
The pathogens were also pooled into groups of environ-
mental and contagious pathogens. However, grouping of
pathogens such as S. uberis, CNS and S. dysgalactiae is not
straightforward as these pathogens share characteristics
from both groups. Depending on the production system,
country, etc., these pathogens may be placed in either group.
In the present study the pathogens were grouped according
to current knowledge from the Danish cattle population.
Allocating these pathogens to another group would change
the heritabilities of the two groups. Another possibility could
be to place these pathogens in a third ‘mixed’ group.
Genetic correlations
The posterior means of the genetic correlations among the
different pathogen-specific mastitis traits ranged from 0.45
to 0.77 (Table 7). This implies that all the pathogen-specific
mastitis traits can be considered as different traits. The
lowest genetic correlation (0.45) was found between
mastitis caused by S. aureus and E. coli. This is consistent
with results from immunological studies. For example,
Bannerman et al. (2004a) found that S. aureus and E. coli
elicit differential innate immune responses as well as sys-
temic responses (i.e. fewer). Increases in interleukin-8 and
tumor necrosis factor alpha were only observed in quarters
infected with E. coli. Also, differences in concentrations of
the component cleavage product C5a and interleukin-10
were observed at different time points for the two patho-
gens. This indicates that expression of genes controlling the
release of immune factors (i.e. cytokines) may differ for
different pathogens. SCC patterns (results of different
cytokine patterns) have been found to differ between
infections caused by E. coli and S. aureus (De Haas et al.,
2002b). This provides further evidence for differing immune
response to these pathogens.
Bannerman et al. (2004a and 2004b) provide evidence
for differentials in immune responses to Gram-positive
and Gram-negative bacteria. However, Bannerman et al.
(2004b) also showed that immune responses to different
Gram-positive bacteria are highly variable. S. uberis induces
production of cytokines (interleukin-8, tumor necrosis factor
alpha and interleukin-1b), which were completely absent
after infection with S. aureus (Riollet et al., 2000). This may
explain why the genetic correlation between E. coli and
S. uberis (0.63) is larger than the genetic correlation
between E. coli and S. aureus (0.45).
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Figure 1 Posterior distribution of genetic correlation between Staphylo-
coccus aureus and Streptococcus uberis is shown as an example. Genetic
correlation on the X-axis and counts on the Y-axis. The remaining plots of
posterior genetic correlations were of similar shape. Skewness ranged from
20.952 to 20.487 and kurtosis ranged from 20.044 to 1.305.
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In general, interpretation of the genetic correlations
among the different pathogen-specific traits is difficult. To
our knowledge, immune responses have not been com-
pared for all the pathogens used in this study. However,
it seems like the genetic correlations were highest when
the bacteria were more alike. For example, the highest
correlation (0.77) was found between S. dysgalactiae and
S. uberis, which both belong to the same genus. Further-
more, S. dysgalactiae and S. aureus share some character-
istics; for example they are both known to invade mammary
epithelial cell and thereby cause chronic infections (Almeida
et al., 1996; Calvinho et al., 1998). This may be the reason
for the high genetic correlation (0.71) between these two
pathogens, which indicates that mammary immune
responses to these pathogens share some characteristics.
The genetic correlations between E. coli (Gram-negative)
and other pathogens were generally lower than the
genetic correlations between the remaining four pathogens
(Gram-positive), indicating different immune response
to these two groups. However, this contradicts the result of
the genetic correlation (0.73) between Gram-positive and
Gram-negative bacteria found in this study.
The genetic correlation between environmental and
contagious pathogens was high (0.83). This fairly large
value may reflect similarities between pathogens in the two
groups and difficulties with categorization of pathogens
such as S. uberis, CNS and S. dysgalactiae. Allocating these
pathogens to a different group would without doubt
change the genetic parameters. More specific identification
of the different strains of each pathogen could help in
placing these pathogens in the correct group. However,
currently the bacteriological test used at the veterinary
practices is not specific enough for this purpose.
Regression coefficient for days at risk
The relationship between the liability to mastitis and the
length of the period at risk is recursive. In the present study
we used the method described in Heringstad et al. (2001)
for inclusion of the length of the period at risk; it
was assumed that all cows treated for mastitis had a
completed period at risk (315 days), thus eliminating the
recursive relationship. However, the value of the regression
coefficient is positive by construction using this method
because of the large number of full lactations, and the
relationship between liability to mastitis and the length of
the period at risk may not be linear throughout the lacta-
tion; i.e. most cases of mastitis happen in the first 50 days
after calving. Using the results from this study, it can be
concluded that the risk of infection with Gram-positive
pathogens was always higher than the risk of infection with
Gram-negative pathogens regardless of days at risk, simply
because Gram-positive pathogens were far more present.
Regarding contagious and environmental pathogens, the
risk of infection was the same. In the present study exclu-
sion of the regression coefficient for days at risk did not
affect the posterior means of the variance components.
However, it may have an effect of predictive abilities of
the model.
Implications
Genetic evaluation of udder health in dairy cattle based on
pathogen-specific mastitis traits in contrast to a non-specific
mastitis trait may be beneficial because pathogen-specific
mastitis is a direct measure of udder infections, but most
important because the economic values of mastitis caused by
different pathogens may be different. Also, if the heritabilities
of different pathogen-specific mastitis traits were specific, this
would further increase the advantage of using pathogen-
specific mastitis traits. Non-specific mastitis also contains
cases where no growth of bacteria has been detected or
recorded, thereby including non-informative data in the pre-
diction of breeding values. However, one drawback is the low
heritability of the pathogen-specific mastitis traits.
In Denmark the cost for mastitis caused by contagious
pathogens has been estimated to be h483 per case, while
mastitis caused by pathogens of environmental origin
has been estimated to be h272 per case using a detailed
stochastic simulation model at herd level with updated
prices (Østergaard et al., 2005; S. Østergaard, personal
communication). This indicates that more economic weight
should be put on mastitis caused by pathogens of con-
tagious origin compared to mastitis caused by pathogens of
environmental origin, which is possible only when patho-
gen-specific breeding values are available. Use of an udder
health index including pathogen-specific mastitis traits is
likely to give a higher economic response than the current
index. However, this has to be verified using simulation or
selection index calculations with appropriate economic
weights for the concerned production system. Furthermore,
it is important to assess economic values of each single
pathogen because grouping into environmental and con-
tagious pathogen is non-trivial. Finally, it is a disadvantage
that pathogen information is not available for all recorded
cases of mastitis. One solution to this problem could be to
define an average economic value based on pathogen fre-
quencies for these non-specific cases to be used in a selection
index together with pathogen-specific mastitis traits.
Data recording should preferably be improved. At pre-
sent, mastitis treatments and pathogen information are not
recorded together, which make merging of mastitis treat-
ments and pathogen information problematic. Also general
options as, e.g. ‘mastitis’, should be removed from the
reporting schemes; instead it should only be possible to
report mastitis treatments in categories depending on
severity (acute, mild, subclinical, etc.). From May 2008 it
has been possible to report mastitis treatments and
pathogen information on quarter level in Denmark, which
makes it easier to deal with cases where more than one
pathogen has been observed per treatment. However, the
biggest challenge is to encourage farmers and veterinarians
to report all treatments of diseases and to take samples for
bacteriological analysis from all cows suspected to suffer
from mastitis.
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Conclusions
The posterior mean of heritabilities on the underlying con-
tinuous scale for pathogen-specific mastitis (0.035–0.076)
was lower than that for unspecific mastitis (0.109), but
could not be considered pathogen-specific as the different
pathogen-specific heritabilities did not differ from each
other. The genetic correlations among pathogen-specific
mastitis traits ranged between 0.45 and 0.77, indicating
that the pathogen-specific mastitis traits should be con-
sidered as different traits. The heritabilities of groups of
pathogens were higher than the pathogen-specific herit-
abilities but lower than the heritability of unspecific mas-
titis. The genetic correlations tended to be lower for bacteria
that induce different mammary immune responses than those
for bacteria that induce more similar immune responses.
Results from the present study indicate that it could be
beneficial to replace mastitis treatments in the current Nordic
udder health index with an index consisting of several
pathogen-specific mastitis traits, especially as the economic
values of mastitis caused by different pathogens differ.
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